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Abstract 

The level of nitric oxide contamination in the test gas of the Langley 
Research Center Arc-Heated Scramjet Test Facility and the effect of the 
contamination on scramjet test engine performance were investigated 
analytically. A finite rate chemical analysis was performed to determine 
the levels of nitric oxide produced in the facility at conditions corre- 
sponding to Mach 6 to sflight simulations. Results indicate that nitric 
oxide levels range from one to three mole percent, corroborating previ- 
ousl-v obtained measurements. A three-stream combustor code with .finite 
rate chemistry was used to investigate the effects of nitric oxide on 
scramjet performance. Results indicate that nitric oxide in the test gas 
causes a small increase in heat release and thrust performance for the 
test conditions investigated. However, a rate constant uncertainty analy- 
sis suggests that the effect of nitric oxide ranges from no net effect, to an 
increase of about 10 percent in thrust performance. 

Introduction 

The Langley Research Center Arc-Heated Scramjet Test Facility (AHSTF) has been used as a hyper- 
sonic air-breathing propulsion test facility since 1976. As with other high speed propulsion facilities 
(e.g., combustion-heated, shock-heated), the test gas is contaminated as a consequence of heating air to 
achieve the stagnation enthalpy necessary for flight Mach number simulation. In the AHSTF, a portion of 
the incoming air is heated by an electric arc to an average static temperature near 4400 K. At this tem- 
perature, air becomes partially dissociated and significant levels of atomic oxygen and nitrogen oxides 
(NO,) exist. Further processing of the facility air (by mixing with unheated air and by expansion) allows 
the atomic oxygen to recombine upstream of the test section; however, small amounts of NO,, primarily 
in the form of nitric oxide (NO), remain in the test gas. 

Nitric oxide contamination is a concern in scramjet engine testing because any deviation in the com- 
position of the test gas from atmospheric air may affect combustion and engine thrust performance. 
Therefore, for the results of AHSTF engine tests to be interpreted in terms of flight in atmospheric air, it 
is necessary to account for the effects of NO in the test gas. One effect is to reduce the amount of oxygen 
available for reaction with the fuel, thereby diminishing combustion heat release. Conversely, studies 
have shown that under certain conditions, NO can enhance combustion heat release (refs. 1 and 2). The 
ultimate effect of NO contamination in the AHSTF must be investigated for the NO levels and test condi- 
tions unique to the facility. 

In addition to nitric oxide, other flow contaminants are present in arc-heated facilities, as addressed in 
reference 3. Of these other flow contaminants, copper vapor, which is released at the arc attachment 
points inside the heater, can be significant. The possibility of copper catalyzing the recombination of free 
radicals in hydrogen-air combustion is a concern (refs. 3 and 4). The authors of reference 3 report a max- 
imum measured copper vapor level for the AEDC HEAT-H1 arc heater (under conditions similar to those 
in the AHSTF) to be 90 ppm mole fraction. Using an assumed reaction mechanism and catalytic effi- 
ciency for the H + H + Cu + H2 + Cu reaction, they predicted the 90 ppm mole fraction of Cu to cause 
an 1 I-percent reduction in the reaction time of stoichiometric hydrogen-air combustion (at an initial pres- 
sure and temperature of 0.19 atm and 1390 K). However, the experimental measurements of reference 4 
show that copper in concentrations up to 10-6 mole fraction has no catalytic effect on H2 + 0 2  + N2 
flames (at atmospheric pressure and a 180CL2500 K temperature range). The copper vapor produced in 



the AHSTF has never been measured and neither its effect on NO, production nor on scramjet engine 
combustion is known at this time. The present study assumes that the possible effects of Cu and NO are 
independent and addresses only the effects of NO. 

This paper presents an analysis in two parts. In the first part, a one-dimensional finite rate chemistry 
code was used to analyze the flow through each component of the AHSTF over a range of operating con- 
ditions corresponding to Mach 6, 7, and 8 flight simulations. A six-reaction mechanism for dissociated 
air was employed. The air composition was computed at discrete stations up to the test section entrance 
where calculated NO levels were compared with experimentally measured levels. The present report 
expands on the work of reference 5 in that NO levels were analytically quantified over a larger range of 
facility operating conditions. 

The second part of the analysis models the reacting flow through a representative test engine flow 
path. A one-dimensional, three-stream code with finite-rate chemistry was used to model the engine 
combustor and nozzle flow segments. A 68-reaction air-hydrogen-silane mechanism was used for the 
combustion process. The engine flow path analysis focused on the Mach 8 flight simulation using fuel 
equivalence ratios of 0.5, 1.0, and 1.5. An investigation of the effect of NO contamination was made by 
comparing calculated engine performance for NO-contaminated air with that for nondissociated atmos- 
pheric air. The work of reference 5 was expanded by providing a more detailed investigation of the role 
of NO in the combustion chemistry. Also, to investigate the sensitivity of the results to uncertainties in the 
rate constants, an analysis was performed wherein rate constants of key reactions were varied within 
recommended error limits. 

Nomenclature 

A 

a 

ae 

a2 

C 

AF 

E 

F 

f 

ht , ,  

ki 

M1 

pre-exponential factor in expression for reaction rate constant, 5 
engine flow area, cm2 

engine nozzle exit area, cm2 

engine combustor entrance area, cm2 

constant in expression for fuel-air mixing fraction, cm-1 

change in engine thrust from fuel-off to fuel-on conditions, N 

reaction activation energy, cal/g-mole 

sum of wall pressure and skin friction axial forces on engine combustor and nozzle, N 

uncertainty factor in reaction rate constant 

flight stagnation enthalpy and facility stagnation enthalpy, kJ/kg 

forward reaction rate constant for reaction j ;  cm3/g-mole for bimolecular reactions, 
cm6/(g-mole)2 for termolecular reactions 

Mach number at facility nozzle exit/engine entrance plane 
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M, 

ma 

mf 

n 

P 

Pe 

Pt ,  1 

P1 

P2 

R 

T 

TI,, 

V 

ve 

v2 

rlm 

4) 

$H2 

h i m  

$tot 

flight Mach number 

mass flow rate of air entering engine, kg/s 

mass flow rate of fuel injected into engine, kg/s 

temperature exponent in expression for reaction rate constant 

static pressure, atm 

static pressure at engine nozzle exit plane, atm 

stagnation pressure behind vehicle bow shock, also facility stagnation pressure, atm 

static pressure at engine inlet entrance plane, atm 

static pressure at engine combustor entrance plane, atm 

universal gas constant, cal/g-mole-K 

static temperature, K 

free-stream stagnation temperature, K 

velocity, m / s  

velocity at engine nozzle exit plane, m / s  

velocity at engine combustor entrance plane, m / s  

fuel-air mixing fraction 

fuel to total oxygen equivalence ratio 

hydrogen equivalence ratio 

silane-hydrogen mixture equivalence ratio 

total fuel equivalence ratio 

Facility Description 

The Langley Research Center Arc-Heated Scramjet Test Facility (AHSTF) generates high energy air 
flows for testing airframe-integrated subscale scramjet engine modules for hypersonic vehicles. Figure 1 
shows a typical hypersonic vehicle in flight and also shows the corresponding ground facility simulation 
for the scramjet engine. The AHSTF uses arc-heated air to duplicate true flight stagnation enthalpy 
conditions for a flight Mach number (M,) range of 4.7 to 8. The heated test gas is expanded through a 
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Scramjet engine module 

(a) Hypersonic vehicle in flight. 

(b) Simulation in ground facility. 

Figure 1 .  Ground test simulation of flight for scramjet engine testing. 

nozzle to a Mach number M I ,  providing a free-jet simulating condition behind the oblique forebody 
shock of a hypersonic vehicle flying at various angles of attack. 

Figure 2 shows the simulation capability of the AHSTF in terms of flight altitude and Mach number. 
Tests can be conducted at stagnation enthalpies and pressures corresponding to the flight Mach number 
range and altitudes indicated by the shaded region. Also shown in figure 2, on the lower axis, is the free- 
stream stagnation temperature range corresponding to the test Mach number range. These temperatures, 
ranging from approximately 1100 to 2800 K, are produced in the stagnation region upstream from the 
facility nozzle expansion. 

Detailed descriptions of the AHSTF are given in references 6 and 7; therefore, only the steps involved 
in processing the facility air are explained in this report. Figure 3 shows a schematic of the three primary 
components upstream from the facility test section: the arc heater, the plenum (including the plenum 
injector rings), and the nozzle. The arc heater is a cylindrical vessel comprised of an upstream and down- 
stream electrode. The air entering the heater, referred to as “main air,” is heated by an electric arc that is 
established between the upstream and downstream electrodes. Except for the arc attachment regions, the 
arc is mainly confined to the centerline of the heater by the vortex flow resulting from the swirl injection 
of the main air. According to reference 3, in a typical arc heater about 5 percent of the total air is heated 
directly by the arc and becomes fully dissociated; the remainder of the air is heated relatively slowly by 
radiation and conduction and is dissociated to a lesser degree. 

This dissociated main air then enters the plenum where unheated air is injected through the plenum 
injector rings, and is mixed with the main air. The ambient temperature bypass air is added in an amount 
necessary to achieve a mixture stagnation enthalpy, ht,=, corresponding to the desired altitude and flight 
Mach number simulation. The bypass air is injected radially through the plenum injector rings to break 
up the swirling motion of the main air exiting the heater and to enhance mixing of the two air streams. 
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Figure 2. Simulation capability of AHSTF. 

test -.- 

Figure 3. Schematic of facility arc heater, plenum, and nozzle. 

This method of heating only a portion of the total air to elevated temperatures and then mixing it with 
cooler air to achieve the desired test conditions is necessary because the heater cannot operate in a stable 
mode while processing the full facility air flow rates. The resulting air mixture exiting the plenum is 
expanded through a converging/diverging supersonic nozzle and enters the test section. Two fixed 
geometry nozzles are available to expand the test gas to an aerodynamic Mach number ( M I )  of 4.7 or 6.0. 
For the M, = 6, 7, and 8 flight simulations, the M I  = 6 nozzle is used; thus a different level of forebody 
precompression is simulated for each flight Mach number. 

5 



Altitude simulation at a given flight stagnation enthalpy is achieved by varying the arc power. The 
AHSTF power supplies have 33 discrete power settings, referred to as tap settings, and greater power is 
delivered at higher tap settings. Satisfactory operation of the heater requires that main air be increased as 
tap setting is increased. In order to obtain the same mixture stagnation enthalpy at a higher tap setting, 
the bypass air flow rate must be increased accordingly. Total facility air flow rate therefore increases and 
higher plenum pressures are required to drive the flow through the fixed geometry nozzle. Thus, for a 
constant stagnation enthalpy simulation, higher tap settings produce greater air densities and therefore 
simulate lower altitudes. 

M, = 7 flight simulation 

The bulk of scramjet engine tests are conducted at the higher tap settings because they better simulate 
typical altitudes for hypersonic vehicle trajectories. For this reason, three upper tap settings were chosen 
for this study. These were taps 23 (historically the standard operating point), taps 29, and taps 33. Nomi- 
nal facility operating conditions are listed in table 1 for each Mach number simulation and tap setting 
considered. Note that a constant Mach number simulation corresponds to a nearly constant stagnation 
enthalpy simulation. The values in the table demonstrate both the variation of bypass air to achieve the 
target stagnation enthalpy at a fixed tap setting and the variation of tap setting for simulating different 
altitudes at a fixed flight Mach number. The taps 33 setting at the M, = 6 condition is not included 
because the resulting stagnation pressure exceeds the heater pressure limit of 45 atm; therefore, it is not an 
allowable operating point. 

Mw = 8 flight simulation 

The electrodes, plenum injector rings, plenum wall, and nozzle throat are made of copper and are 
water cooled. During a test, the heat transferred from the walls of each of these components is deduced 
from an energy balance on the cooling water to each component. Table 2 provides typical values of the 
component heat losses for the range of operating points considered here. These values were used in the 
analysis described subsequently. 

Table 1 .  AHSTF Nominal Operating Conditions 

I Estimated uncertainties for directly measured or experimentally derived quantities are as follows: arc power: 
f l  percent, main air: f1.7 percent, bypass air: 51.5 percent, p t , * :  f 0 . 3  percent, h,,w: f2.9 percent 

Condition 

Altitude, m 
Arc power, 

M w  
Main air, 

kgls 
Bypass air, 

kgls 

P t ,  1 9  atm 
ht,w, kJlkg 
Tt,w, K 

M, = 6 flight 
simulation 

Taps 23 

27 005 

9.40 

0.72 

2.19 
35.1 

1837 
1667 

Taps 29 

25 664 

11.45 

0.88 

2.71 
43.2 

1828 
1661 

Taps 23 

35 357 

9.40 

0.72 

1.32 
28.6 

2570 
225 1 

Taps 29 

33 863 

11.45 

0.88 

1.66 
35.1 

2524 
2217 

32 979 

12.75 

0.99 

1.88 
39.7 

2500 
2203 

42 398 

9.40 

0.72 

0.71 
23.0 

3552 
2860 

Taps 29 

40 874 

11.45 

0.88 

0.92 
28.3 

3459 
2825 

Taps 33 

40 234 

12.75 

0.99 

1.04 
31.9 

3403 
2804 
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Component Heat loss fraction 
Upstream electrode 0.11 
Downstream electrode 0.36 
Plenum injector rings 0.08 
Plenum liner 0.34 
Nozzle throat 0.30 

Part I: NOx Concentration in the Facility 

Uncertainty, percent 
k1.3 
f1.2 
f l . 8  
It1.6 
f1.3 

Analysis Methodology 

Reactiona A 

To calculate the nitrogen oxide (NO,) concentration in the facility, a chemical kinetics code (ref. 8) 
was used to model the reacting flow through each of three components (heater, plenum, and nozzle) up- 
stream from the facility test section. The kinetics code, based on the earlier code of reference 9, models 
one-dimensional, adiabatic and inviscid flow. It numerically solves the governing mass, momentum and 
energy equations, and species continuity equations for each species present. The reactions and rate con- 
stants used to describe the air dissociation and recombination were extracted from the mechanism of ref- 
erence 1 and are listed in table 3. The flow through each of the three components was analyzed individu- 
ally beginning with the heater. For each component, an area distribution was specified along with 
entrance conditions. The entrance conditions were consistent with the known initial composition, initial 
pressure, fixed stagnation enthalpy, and mass flow rate for each component. The code then computed the 
chemical composition and fluid dynamic properties through each component up to the facility nozzle exit. 

n E 

Table 3. Air Reaction Mechanism 

N + 0 2  + N O +  0 

M +NO2 + N O  + 0 + M 
0 + NO2 + NO + 0 2  

N +NO - + N 2  + 0 

N + N + M + N2 + M 
0 + 0 + M + 0 2  + M 

6.40 x 109 1 .o 6 300 
1.60 x 1013 0 0 
1.16 x 1016 0 66 000 
1 . 0 0 ~  1013 0 600 
2 . 8 0 ~  1017 -0.8 0 
1 . 1 0 ~  1017 -1.0 0 

Before employing the kinetics code, an energy balance was performed on the heater. The stagnation 
enthalpy of the air at the heater exit was calculated using the main air flow rate and associated arc power 
(table 1) as well as the heat loss to the electrodes (table 2). With the initial air composition specified to be 
consistent with the ambient supply air, the code was used to model the reacting (dissociating) flow of the 
main air through the heater at a stagnation enthalpy matching the calculated exit enthalpy. In effect, this 
method assumes that the heat transfer can be modeled separately from the chemical reactions by enforc- 
ing instantaneous heat addition at a frozen composition of the ambient incoming air, then allowing reac- 
tions to take place adiabatically as the air flows through the heater. The assumption of instantaneous heat 
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addition was validated by an analysis that used a distributed heat addition and resulted in identical condi- 
tions at the heater exit. The flow through the heater is low subsonic (the Mach number is =O. I ) ;  thus, the 
initial static pressure was set equal to the facility stagnation pressure (pr,l from table 1). 

A similar procedure was followed for the analysis of the plenum. The initial static pressure was again 
set to equal the facility stagnation pressure (here the Mach number is ~0.01) .  The initial composition was 
assumed to result from a chemically frozen mixing of the dissociated main air and the nondissociated 
ambient bypass air. Reactions were then allowed to occur at a constant enthalpy equal to the plenum exit 
stagnation enthalpy, which was calculated from an energy balance of the plenum flow process. 

For the nozzle analysis, the area distribution of the contoured converging section was assigned and the 
code was used to determine the stagnation enthalpy required to reach a choked condition at the prescribed 
stagnation pressure, mass flow rate, and throat area. If this enthalpy was not equal to that calculated from 
an energy balance, the computations were repeated with an adjusted heater exit enthalpy such that, with 
subsequent component heat losses, the nozzle throat enthalpy derived from the energy balance was equal 
to the enthalpy at which the nozzle choked. In the analysis of the diverging nozzle section, no further heat 
loss was imposed. Chemical reactions were allowed to take place at constant stagnation enthalpy equal to 
the throat stagnation enthalpy. Boundary layer effects were approximated by a prescribed area ratio dis- 
tribution to achieve Mach 6 at the nozzle exit plane, consistent with facility measurements. 

In the analysis described above, uncertainties in calculated nitric oxide (NO) levels due to uncertain- 
ties in facility conditions (e.g., arc power, air flow rates, heat losses) were not determined. 

Results 

Calculations show that the air dissociation that occurs in the arc heater is similar for all Mach number 
simulations and tap settings. This is true because the ratio of arc power to main air flow rate is approxi- 
mately the same for all cases (see table 1) resulting in similar heater exit temperatures (roughly 4400 K); 
the differences in pressure have only a small effect. The dissociation process is illustrated in figure 4 by 
species concentration traces for the Mach 7, taps 23 simulation. Equilibrium is reached within 0.004 ms, 
which is very small relative to the heater residence times of 6 to 10 ms. The heater exit state for 
each flight Mach simulation and tap setting is given in table 4. The NO, species, ranging between 8 
and 9 mole percent, are primarily composed of NO with trace amounts of N02. A significant level 
(= 15 mole percent) of atomic oxygen also exits the heater. 

Calculations for the plenum and nozzle flow show that both the atomic oxygen and nitric oxide con- 
centrations are significantly reduced compared with the levels exiting the heater. Results for the plenum 
and nozzle flow are given in table 5 ,  which lists the plenum and nozzle exit conditions and gas composi- 
tion for each Mach number and tap setting. In all cases, the air at the nozzle exit contains no more than 
0.01 mole percent of atomic oxygen and no more than 0.07 mole percent of N02; however, NO remains 
at levels up to 3 mole percent. Therefore, the remaining discussion focuses on the survival of NO. 

Calculated NO concentrations throughout the heater, plenum, and nozzle are presented for comparison 
in figure 5 for the M, = 6, 7 ,  and 8 simulations, all at the standard taps 23 power setting. In all cases, the 
NO in the flow exiting the heater is initially diluted by mixing process with the bypass air (as indicated at 
the entrance to the plenum in fig. 5 ) .  This dilution effect is greatest for the lowest enthalpy simulation 
(M, = 6) because it uses the most bypass air. The temperature drop due to the instantaneous mixing with 
the cooler bypass air places the gas in a nonequilibrium state. As the air flows through the plenum, the 
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Species 

fraction 
mole .50 

.25 

M, = 7 simulation 
Taps 23 setting 

I 
I 
I 
I 
I 
I 
I 

y - Heater residence time 

I 
I 
I 
I 
I 
I 

- 0 I I NO I 

p .  atm 
T, K 
Mole fractions 

N2 
0 2  

N 
0 
NO 
NO2 
Ar 

Figure 4. Air dissociation in arc heater. 

Taps 23 Taps 29 

35.1 43.2 
4427 4483 

0.6797 0.6792 
0.0772 0.0773 
0.0010 0.001 1 
0.1472 0.1449 
0.0862 0.0888 
0.000 1 0.0001 
0.0086 0.0086 

Table 4. Calculated Conditions and Test Gas Composition at Heater Exit 

Nominal operating conditions for- 

M, = 6 flight 
simulation I M, = 7 flight simulation Condition 

Taps 23 
28.6 

4395 

0.6788 
0.075 1 
0.00 10 
0.1530 
0.0834 
0.0001 
0.0086 

4434 4452 

0.6793 
0.0766 
0.00 10 
0.1483 
0.0861 
0.0001 
0.0086 

0.6799 
0.0779 
0.0010 
0.1447 
0.0878 
0.000 1 
0.0086 

M, = 8 flight simulation 

Taps 23 
23.0 

4316 

0.6806 
0.0770 
0.0009 
0.1518 
0.08 10 

0.000 1 
0.0086 

Taps 29 
28.3 

4327 

0.6828 
0.08 10 
0.0008 
0.1430 
0.0837 
0.0001 
0.0086 

Taps 33 
31.9 

4335 

0.6839 
0.083 1 

0.0008 
0.1382 
0.0852 
0.000 1 
0.0087 
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Table 5. Calculated Conditions and Test Gas Composition at Plenum and Nozzle Exits 

Calculated conditions and test gas composition for- 

Nozzle exit Plenum exit 
0.0135 35.1 

287 2106 

0.7704 0.7694 
0.1985 0.1975 
0 0 
0 0.000 1 
0.02 16 0.0235 
0.0002 0.0002 
0.0093 0.0093 

M, = 6 flight simulation 

Nozzle exit 
0.0 168 

28 1 

0.7696 
0. I976 
0 
0 
0.0233 
0.0002 
0.0093 

Taps 23 

Taps 29 

Taps 29 

Taps 33 

Condition 

Nozzle exit 

Plenum exit 

Plenum exit 

~~ 

Nozzle exit Nozzle exit Plenum cxit 
35.1 

1614 
0.01 87 

210 
43.2 

1605 
0.023 1 

208 
P, atm 
T, K 
Mole fractions 

N2 
0 2  
N 
0 
NO 
NO2 
Ar 

0.7698 
0.1976 
0 
0 
0.0227 
0.0006 
0.0093 

0.7698 
0.1976 
0 
0 
0.0226 
0.0007 
0.0093 

0.7699 
0.1978 
0 
0 
0.0225 
0.0005 
0.0093 

0.7699 
0.1978 
0 
0 
0.0224 
0.0006 
0.0093 

M, = 7 flight simulation 

Taps 33 Taps 23 Taps 29 
Condition 

Plenum exit Plenum exit I Nozzle exit 
28.6 I 2144 

0.0 190 21ii.7 1 281 
Mole fractions 

NO 

Ar 

0.7693 
0.1975 
0 
0.0001 
0.0236 
0.0002 
0.0093 

0.7695 
0.1975 
0 
0 
0.0234 
0.0003 
0.0093 

0.7702 
0.1983 

0.0002 
0.02 18 
0.0002 

Condition 
Plenum exit Nozzle exit 

23.0 
2783 

0.0094 
389 

28.3 
2706 

0.0114 I 26ii.9 
372 

~ 

0.0128 
368 

P, atm 
T, K 
Mole fractions 

N2 
0 2  
N 
0 
NO 

Ar 
NO2 

0.7654 
0.1930 
0 
0.0027 
0.0295 
0.0001 
0.0093 

0.7677 
0.1958 
0 
0 
0.0271 
0.0001 
0.0093 

0.7626 
0.1898 
0 
0.0046 
0.0336 
0.000 1 
0.0093 

0.7659 
0.1940 
0 
0.0001 
0.0306 
0.000 1 
0.0093 

0.7648 
0.1924 
0 
0.003 1 
0.0303 
0.0001 
0.0093 

0.7674 
0.1955 
0 
0 
0.0277 
0.0001 
0.0093 
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Figure 5. Calculated NO levels for M, = 6,7,  and 8 simulations, standard taps 23 setting. 

dissociated species recombine and the static temperature increases. However, the level of reactivity is 
dependent on the extent of the initial cooling. Because more bypass air is used for a lower Mach number 
simulation, more cooling takes place, resulting in a lower mixture temperature and a less reactive flow. 
The subsequent discussion considers each Mach number simulation in turn. 

The calculated NO levels for the Mach 6 enthalpy simulations are shown in figure 6. For both the 
taps 23 and 29 settings, mixing with the bypass air dilutes the NO to slightly greater than 2 mole percent 
and reduces the temperature to about 1300 K. As the air flows through the plenum, initial recombination 
of atomic oxygen and nitrogen takes place and the temperature increases to about 1600 K, but this tem- 
perature is too low for noticeable changes in composition within the plenum residence time. The NO 
remains at the diluted level of about 2.3 mole percent compared with less than 1 mole percent in air at 
equilibrium at the plenum pressures and enthalpies. As the temperature decreases further through the 
facility nozzle, the composition remains essentially frozen for both Mach 6 enthalpy cases. 

Results for the Mach 7 enthalpy simulations are shown in figure 7. For these cases, which use less 
bypass air compared with the Mach 6 cases, the process of mixing with bypass air dilutes the NO to 
approximately 3 mole percent and reduces the temperature to about 1700 K. As the air flows through the 
plenum, it is more reactive compared with the Mach 6 condition due to a higher mixture temperature 
(which reaches about 2100 K as the species recombine); however, reactions are too slow to yield an equi- 
librium composition. Slightly lower temperatures (see table 5 )  for the taps 29 and 33 settings, compared 
with taps 23, result in slightly less reactivity and this is the main reason for the differences seen between 
tap settings. The NO decreases to levels ranging from 2.2 to 2.4 mole percent compared with equilibrium 
levels around 1 . 1  percent at the plenum pressure and enthalpy for each tap setting. In the nozzle, recom- 
bination of atomic oxygen continues, but the NO level remains nearly constant. The composition freezes 
near the throat as the temperature decreases. 
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Figure 6 .  Calculated NO levels for Mach 6 simulations. 
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Figure 7. Calculated NO levels for Mach 7 simulations. 
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Figure 8. Calculated NO levels for Mach 8 simulations. 

Results for the Mach 8 enthalpy simulations are shown in figure 8. For these cases, wherein the 
least bypass air is injected, the NO is diluted to 4.2 mole percent and the temperature is reduced to about 
2200 K at the plenum entrance. As recombination takes place in the plenum, the temperature reaches 
about 2800 K. As a result of the higher temperature for the Mach 8 cases (compared with the Mach 6 and 
7 cases), reactions are fast enough to yield an equilibrium composition in the plenum. The NO decreases 
rapidly to equilibrium levels ranging from 3.0 to 3.4 mole percent. Slightly lower temperatures for the 
taps 29 and 33 settings (compared with taps 23) result in lower equilibrium levels of NO. In the nozzle, 
equilibrium is maintained until just upstream of the throat, and the NO is reduced to levels ranging from 
2.7 to 3.1 mole percent. Downstream from the throat, reaction rates decrease and although free oxygen 
continues to recombine, the NO mole fraction remains constant. 

Comparison With Data 

Figure 9 presents for comparison calculated NO levels and experimental values measured at the facil- 
ity nozzle exit as a function of stagnation enthalpy. The finite rate calculated levels are shown as well as 
results for assumed conditions of equilibrium in the plenum and frozen flow in the nozzle. Three sources 
of experimental measurements are presented. The first is from gas samples taken during a series of facil- 
ity operability tests conducted in 1983 (ref. 6). Samples were collected in bottles through a probe placed 
at the exit of a metering nozzle installed downstream from the plenum. The sample was then analyzed 
off-line by a mass spectrometry system. The second source of data is from a series of tests conducted in 
collaboration with Arnold Engineering Development Center (AEDC) in 1989 (ref. 10) during which NO 
densities in the AHSTF were measured nonintrusively using a resonance absorption technique. The third 
source of data (unpublished data obtained by Rocketdyne under the NASP Program, 1992) is from 
AHSTF tests conducted in 1992 wherein probe samples were collected and analyzed using an on-line 
mass spectrometry system. Considerable scatter exists in the experimental data at all flight Mach number 
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Figure 9. Calculated and experimental NO levels entering facility test section. 

simulations. Measurement uncertainties were not provided with the experimental data except for the 
resonance absorption technique, which quoted an uncertainty of 20 percent. However, despite the 
large/unknown uncertainties, the finite rate calculated levels show general agreement with the experi- 
mental data. Both results of the finite rate analysis and experimental measurements indicate that NO con- 
centrations in the AHSTF are between 1 .O and 3.2 mole percent for the flight simulation range of Mach 6 
to 8. Finally, comparison of the equilibrium calculations with the data and finite rate calculations indi- 
cates the extent to which the NO level would be underpredicted at the Mach 6 and 7 conditions, if it were 
assumed that equilibrium is reached in the plenum. 

Part 11: Effect of NOx on Engine Performance 

Even though the NO concentrations shown in figure 9 are small, the potential effect on scramjet test 
engine performance could be significant. The effect of NO on ignition delay has been studied both 
analytically and experimentally (refs. 3 and 11-15); however, because an ignition aid is used in AHSTF 
engine tests, ignition delay was not investigated in the present study. Instead, the effects of NO on com- 
bustion heat release, pressure rise, and engine thrust performance were studied. One premise is that NO, 
in the test gas is inert and effectively reduces combustion heat release by trapping some oxygen that 
would have been available for combustion. Some studies, however, indicate that products of air dissocia- 
tion, including NO, can enhance combustion heat release (refs. 1 and 2). The latter studies involved a 
dissociated test gas in a reflected shock tunnel simulating combustor inlet conditions for Mach 17 flight. 
The effect of NO on scramjet performance depends on the particular combustor inflow conditions; there- 
fore, the effect of NO on the performance of a typical scramjet flow path in the AHSTF was investigated. 
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For this analytical investigation, the focus was on the Mach 8 simulation for which the NO concentra- 
tion was the greatest. The calculated facility nozzle exit flow conditions for a Mach 8 simulation were 
used to define the inflow for a test engine in the AHSTF. The one-dimensional engine analysis model 
included an inlet compression followed by a combustor process with fuel equivalence ratios of 0.5, 1.0, 
and 1.5. The overall effect of NO in a Mach 8 simulation was determined by comparing calculated per- 
formance using the NO-contaminated air with calculated performance using nondissociated atmospheric 
air. The nondissociated atmospheric air was defined to have a molar composition of 78.12 percent N2, 
20.95 percent 0 2 ,  and 0.93 percent Ar and will hereafter be referred to as nondissociated air. 

Analysis 

To model the inlet compression process, constraints of a typical subscale model inlet length (1 27 cm) 
and throat pressure (=OS atm) for a Mach 8 flight simulation in the AHSTF were imposed. Using the 
inlet geometry shown in figure 10, oblique shock calculations were performed to obtain a core streamline 
pressure distribution, also shown in figure 10. Using a conservative curve fit of this pressure distribution, 
the flow through the inlet was modeled with the one-dimensional finite rate code of reference 8. The 
inflow was defined by the nozzle exit Mach number (MI = 6) and the calculated pressure and temperature 
at the exit of the facility nozzle for the Mach 8 taps 23 simulation (from table 5). These conditions were 
used for both the Mach 8 taps 23 NO-contaminated air and the nondissociated air. The analysis yielded 
conditions at the inlet exit that were used as combustor entrance flow conditions. A generic subscale 
scramjet engine flow path was modeled using a constant-area combustor followed by a nozzle with an 
expansion ratio of 8. The area distribution for this configuration is shown in figure 1 1. 

The reacting flow in the combustor was modeled using the SCRAM3 code (ref. 1). SCRAM3 is based 
on the reacting flow codes of references 8 and 9, which solve the differential mass, momentum, energy, 
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Figure 10. Inlet geometry and pressure distribution for core streamline. 
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Figure 1 1. Combustor and nozzle area distribution. 

and species conservation equations for a homogeneous mixture of gases at a premixed pressure and tem- 
perature. The SCRAM3 code models the fuel, the air, and a reaction zone as three separate streams. A 
separate initial temperature is assigned to each of the three streams, but they share the same pressure and 
velocity. The reaction zone volume increases as the fuel and air enter it according to a specified mixing 
schedule. Average system properties are used in the conservation equations, but the finite rate chemistry 
equations use the species concentrations and temperature in the reaction zone. An “ignition source” 
forms the initial reaction zone. It consists of a small percentage of the fuel and air that have been allowed 
to react to equilibrium at constant pressure and enthalpy. This yields an initial reaction zone with the 
thermal energy and free radicals necessary to initiate further reactions. 

In the AHSTF, a silane-hydrogen mixture (composed of 20 percent SiH4 and 80 percent H2 by vol- 
ume, hereafter referred to as the silane mixture) is used for ignition of the primary hydrogen fuel in test 
engine combustors. To chemically model the combustion of this fuel mixture with air (containing NO), 
a reaction mechanism was assembled from two separate mechanisms. The first is the 33-reaction 
hydrogen-air mechanism listed in table 6. This mechanism was obtained from reference 1 and is based 
largely on the reaction scheme recommended by the NASP Rate Constant Committee (ref. 16). (How- 
ever, the rate constant for reaction 24 was altered from ref. l to conform with both ref. 16 and the original 
source, ref. 17.) Note that this hydrogen-air mechanism contains thirteen reactions which allow the NO to 
take part in the reaction chemistry. The second mechanism is the 35-reaction silane-hydrogen-air model 
given in table 7. This mechanism, which contains no NO + SiH,O, reactions, is based on the silane 
reaction scheme of reference 18 with modifications recommended by Jachimowski. The full reaction 
mechanism used in the present study, formed by combining the two mechanisms of tables 6 and 7, was 
then a 68-reaction mechanism for hydrogen, silane, and air with NO. 
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Tablc 6. Hydrogen-Air Reaction Mechanism 

Reactiona 
(1)  H2 + 0 2  + HO2 + H 
(2) H + 0 2  + O H  + 0 
(3) O +  H2 + O H  + H 
(4) OH + H2 + H20 + H 
(5) OH + OH + H20 + 0 
(6) H + OH + M + H20 + M 
(7) H + H + M + H2 + M 
(8) H + 0 + M + OH + M 
(9) O +  O +  M + 0 2  + M 

(10) H +  0 2 +  M + H02+ M 
(1 1)  HO2 + H + O H  +OH 
(12) HO2 + 0 + 0 2  +OH 
( 13) H02 + OH + H20 + 0 2  

(14) HO2 + H02 + H202 + 0 2  
(15) H + H202 +H2 + HO2 
( 1 6 ) H + H 2 0 2 + O H + H 2 0  
(17) 0 + H202 + O H  + H02 
( 1 8 ) O H + H 2 0 2 + H 2 0 + H 0 2  
(19) OH + OH + M + H202 + M 
(20)N + N  + M + N2 + M 
(21) N + 0 2  + N O  + 0 
(22) N + N O  + N2 + 0 
(23) N + OH + NO + H 
(24) H + NO + M + HNO+ M 

(26) 0 + HNO + NO + OH 
(25) H + HNO + NO + H2 

(27) OH + HNO + NO + H20 
(28) H02 + HNO + NO + H202 
(29) H02 + NO + NO2 + OH 
(30) HO2 + NO + HNO + 0 2  

(31) H + NO2 + N O  + OH 
(32) 0 + NO2 + NO + 0 2  

(33) M + NO2 + N O +  0 + M 

A 
7 . 0 0 ~  1013 
2.20 x 1014 
5 . 0 6 ~  104 
2 . 1 6 ~  108 
1 . 5 0 ~  109 
8.62 x 1021 
7.30 x 1017 
2.60 x 1016 

1 . 1 0 ~  1017 
2.30 x 1018 
1.50 x 1014 
2.00 x 1013 
2 . 0 0 ~  1013 

1.00 x 1013 
2.80 x 1013 

2.00x 1012 
1.70 x 1012 

7.00 x 1012 
1.60 x 1022 
2.80 x 1017 
6.40 x 109 
1.60 x 1013 

2 . 1 6 ~  1 0 1 5 ~  
6.30 x 1011 

4.80 x 1012 
5.00 x 1011 

2.00 x 1012 
3.40 x 1012 
2.00 x 101 1 

3 . 5 0 ~  1014 

1.16 x 1016 

3.60 x 1013 

1.00 x 1013 

n 
0 
0 
2.67 
1.51 
1.14 

-2.0 
-1.0 
-0.6 
-1.0 
-1.0 
0 
0 
0 
0 
0 
0 
0 
0 

-2.0 
-0.8 

1 .o 
0 
0.5 
0 
0 
0.5 
0 
0 
0 
0 
0 
0 
0 

E 
56 800 
16 800 
6 290 
3 430 

0 
0 
0 
0 
0 
0 

1 000 
0 
0 
0 

3 780 
3 580 
6 400 
1435 

0 
0 

6 300 
0 
0 

-600 
0 
0 
0 
0 

-260 
1000 
1500 

600 
66 000 

ZForward reaction rate constants are of the form k = ATne-E’RT; units are in the cgs 
system (see nomenclature). Third body efficiencies for all termolecular reactions are 
2.5 for M = H2, 16 for M = H20, and 1.0 for all other M. 

bRate constant altered from reference 1 to conform with both references 16 and 17. 

Three different fueling levelskombinations were analyzed. In each case the silane mixture equiva- 
lence ratio was fixed at $sim = 0.15, as is typical for engine testing in the AHSTF. The equivalence ratios 
of the primary hydrogen fuel were $ H ~  = 0.35, 0.85, and 1.35, resulting in overall or total fuel mixture 
equivalence ratios of $tot = 0.5, 1.0, and 1.5. The equivalence ratios were calculated based on the total 
amount of oxygen in the air, whether in the form of 0 2 , 0 ,  or NO,. 

In the SCRAM3 code, mixing of the fuel and air occurs according to a specified mixing schedule to 
form a near stoichiometric reaction zone. The mixing schedule is specified as a mixing fraction of the 
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Table 7. Silane-Hydrogen-Air Reaction Mechanism 

Reaction' 

(1) SiH4 + SiH2 + H2 
(2) SiH2 + 0 2  + HSiO + OH 
(3) SiH2 + H20 + SiH20 + H2 
(4) SiH4 + 0 2  + SiH3 + H02 
(5) SiH4 + H + SiH3 + H2 
(6 )  SiH4 + 0 + SiH3 + OH 
(7) SiH4 + OH + SiH3 + H2O 
(8) SiH4 + H02 + SiH3 + H202 
(9) SiH3 + 0 2  + SiH302 

( I O )  SiH302 + SiH2O + OH 
( 1  1)  H02 + SiH302 + SiH302H + 0 2  

( 12) H + SiH302H + SiH302 + H2 
(13) SiH3 + 0 2  + SiH30 + 0 
(14) SiH30 + 0 2  + SiH20 + HO2 
(15) H + SiH3 + SiH2 + H2 
(16) 0 + SiH3 + SiHzO + H 
( 17) OH + SiH3 + SiH20 + H2 

( 18) HO2 + SiH3 + SiH2 + H202 
(1 9) SiH3 + SiH3 + SiH2 + SiH4 
(20) SiH20 + 0 2  + HSiO + HO2 
(21) M + SiH20 + HSiO + H + M 
(22) H + SiH20 + HSiO + H2 
(23) 0 + SiH20 + HSiO + OH 
(24) OH + SiH20 + HSiO + H20 
(25) HO2 + SiH20 + HSiO + H202 
(26) M + HSiO + H + Si0 + M 
(27) HSiO + 0 2  + Si0 + HO2 
(28) H + HSiO + Si0 + H2 
(29) 0 + HSiO + Si0 + OH 
(30) OH + HSiO + Si0 + H20 
(3 1) H02 + HSiO + Si0 + H202 
(32) OH + Si0  + Si02 + H 
(33) H02 + Si0 + Si02 + OH 
(34) 0 + Si0 + M + Si02 + M 
(35) Si0 + 0 7  + Si07 + 0 

A 

9.00 x 1012 
2.20 x 1014 
3.00 x 1012 
4.00 x 1013 
1.50 x 1013 
4.20 x 1012 
8.40 x 1012 
2.00 x 1012 

3.00 x 1012 
4.00 x 1010 

3.00 x 1012 
2.00 x 1012 

2.00 x 1015 

4.80 x 1013 

2.00 x 1013 
2.00 x 1013 
6.00 x 1012 

3.00 x 1012 
2.00 x 1012 
4.00 x 1014 
2.00 x 1015 
3.30 x 1014 
1.80 x 1013 

7.50 x 1012 
1 .oo x 1012 
5.00 x 1014 
3.00 x 1013 
2 . 0 0 ~  1014 
1.00 x 1014 
1.00 x 1014 
1.00 x 1014 
4.00 x 1012 
1.00 x 1012 
2.50 x 1015 
4.00 x 1013 

n 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

E 

52 700 
8 000 

1 1  400 
42 800 

2 500 
1600 

100 
10 000 

1200 
4 000 

0 
7 950 

0 
0 
0 
0 
0 
0 
0 

35 000 
84 500 
10500 
3 080 

170 
12 000 
29 000 

0 
0 
0 
0 
0 

5 700 
0 

4 370 
6 500 

lFonvard reaction rate constants are of the form k = AT"e-E'RT; units are in the cgs system (see 
nomenclature). Third body efficiencies for all termolecular reactions are 1 .O for all M. 

form qtlm = 1 - e-cx where x is the distance from the injection location and c is a constant chosen by the 
user. For fuel lean or stoichiometric cases (+ I l), qm is the fraction of total fuel that has mixed and been 
allowed to enter the reaction zone. For fuel rich cases, it is the fraction of total air that has mixed and 
been allowed to enter the reaction zone. In the present analysis, the value of the constant c was chosen 
based on mixing recipes presented in reference 19. Specifically, the value of c was chosen such that, at 
the exit of the constant area combustor, q m  was equal to the mixing fraction for perpendicular injection 
from reference 19. This results in combustor exit mixing fractions of qm = 0.85, 0.70, and 0.80 for 
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Figure 12. Fuel-air mixing schedules. 

@ = 0.5, 1.0, and 1.5, respectively. Corresponding mixing schedules are shown in figure 12. Combustion 
is allowed to continue in the expanding nozzle section. 

The initial pressure and velocity assigned to the three streams as well as the temperature assigned to 
the air stream were those obtained from the inlet analysis described earlier. The fuel stream was assigned 
a temperature of 300 K and an ignition source created from 2 percent of the overall fuel-air mixture was 
found to be adequate. 

Results and Discussion 

Calculations for the flow through the inlet reveal that the composition is frozen for both the nondisso- 
ciated air and the *NO-contaminated test gas. Since the flow is frozen in both cases and the difference 
between the two test gas compositions is small, then the pressure, temperature, and velocity resulting 
from the inlet compression process are essentially the same for the two simulations. Table 8 lists the con- 
ditions used to define the combustor inflow. 

Results of the combustor analysis for the Mach 8 simulation in the AHSTF are presented in figure 13, 
which compares calculated combustor and nozzle pressure distributions for the NO-contaminated test gas 
with those for nondissociated air. For each of the three heling cases, the pressure rise is slightly greater 
for the NO-contaminated air. The increased pressure is a consequence of the increased chemical energy 
yield, or heat release (also indicated in fig. 13), for the NO-contaminated air. As noted by Jachimowski in 
reference 1, NO provides an additional path for the production of water through reactions (24) and (27) of 
the Hz-air mechanism (table 6) wherein the NO acts as a catalyst: 

(24) H + N O  + M + HNO + M 

(27) OH + HNO + NO + H20 

19 



Table 8. Combustor Inflow Conditions for Mach 8 Flight Simulation 

Conditions 

P, atm 
T, K 
v, d s  

Mole fractions 
N2 
0 2  
Ar 
NO 
N o 7  

Combustor inflow for- 

Nondissociated air NO-contaminated air 
0.477 0.477 

1115 1115 
2010 2010 

0.78 12 0.7659 
0.2095 0.1941 
0.0093 0.0093 
0 0.0306 
0 0.0001 

(4 
1.5 M , = 8  

1.25 Nondissociated air 
- - - -  NO-contaminated air 

Nondissociated 
1 .oo 

p, atm .75 

S O  

.25 
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Distance from fuel injection point, cm 

Figure 13. Calculated effect of NO on combustor pressure distributions. 

where M is a third body. This reaction pair, wherein NO is consumed then regenerated, serves both to 
consume free hydrogen and to produce water. Although some of the oxygen that would have been 
available for reaction is indeed trapped in NO, the heat evolved in H consumption and H 2 0  production 
outweighs the deficit caused by the reduced available oxygen. Comparison of the product species shows 
that combustion with NO-contaminated air results in the same amount of H 2 0  but less atomic hydrogen. 
Another factor that contributes to a lesser degree is the reduced level of atomic oxygen in the products for 
NO-contaminated air, simply due to less available 0 2  to dissociate. 

To examine the effects of NO in the test gas and verify the importance of reactions (24) and (27), a 
parametric study was performed for the @ = 1.0 case. Figure 14 presents the combustion heat release 
distribution for the nondissociated air and the NO-contaminated air using various reaction models. 
Simulation 1 represents combustion with nondissociated air and simulation 2 represents combustion with 
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Figure 14. Calculated effect of NO on combustion heat release. 

NO-contaminated air, both using the full reaction chemistry model (tables 6 and 7 ) .  Comparing the 
results of these simulations shows the net increase in heat release obtained with NO in the test gas that 
corresponds to the results shown in figure 13 for @ = 1.0. Simulation 3 represents combustion with 
NO-contaminated air, but the reaction mechanism was altered by removing all reactions involving NO, in 
effect making the NO inert. Comparing simulation 3 with simulation 1 shows the expected reduction in 
heat release because a fraction of the total oxygen is trapped in NO. Comparing simulation 3 with simu- 
lation 2 shows the added heat release when the NO is allowed to react. Simulation 4 represents combus- 
tion with NO-contaminated air using the full reaction mechanism altered by removing only reactions (24) 
and (27) .  Comparing results for simulations 4 and 3 relative to simulation 2 clearly indicates the impor- 
tance of reactions (24) and (27) to realize the increase in heat release due to the presence of NO. 

Ultimately, the effect of NO on measured thrust performance is needed. The performance parameter 
measured during engine tests is the change in thrust, AF, from fuel-off to fuel-on conditions. Assuming 
that neither the flow in the inlet nor the flow over the external surfaces of the engine change with com- 
bustion, A F  is the change in axial force on the combustor and nozzle due to fuel addition and combustion. 

where F is the sum of the combustor and nozzle wall pressure and skin friction forces in the axial 
direction and the axial fuel momentum. Analytically, the force F can be calculated by applying the 
momentum equation to the combustor-nozzle control volume. With the assumption of uniform flow, this 
force can be expressed as: 

where the subscript 2 denotes the combustor entrance and the subscript e denotes the nozzle exit. 
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Figure 15. Calculated effect of NO on thrust pcrformance at Mach 8. 

In engine tests, the thrust is typically normalized by dividing equation (2) by the mass flow rate of air, 
ha, to compare performance of engines with slightly different mass captures. The resulting parameter, 
F/&,, is the air specific thrust. The SCRAM3 code was used to calculate the air specific thrust for the 
zero-fuel case and the three fueled cases. Then, the change in specific thrust from fuel-off to fuel-on 
conditions, AF/m,, was computed for each equivalence ratio. The results are summarized in figure 15. 
The overall effect of the NO on thrust performance is illustrated in this figure, wherein results using the 
NO-contaminated air are presented for comparison with the results using nondissociated air. The com- 
bustion enhancement effect of the NO results in a small increase in the idealized one-dimensional 
AF/m, ranging from a 4.6-percent increase at $ = 0.5 to a 1.6-percent increase at $ A 1.5. 

The sensitivity of the results to the assumed combustor mixing schedule was investigated for $ = 1.0 
only using both a slower and faster mixing schedule compared with the assumed schedule of figure 1 1 .  
Results using combustor exit mixing fractions of q m  = 0.50 and 0.99 are also shown in figure 15. 
Although the performance enhancement effect of NO is slightly smaller at the slower and faster mixing 
rates, the results are not significantly different compared with the results using the assumed q m  = 0.70. 

Although the effect of NO on test engine performance at the Mach 8 simulation is small, the analysis 
was repeated for the Mach 6 and 7 taps 23 simulations (both had less NO contamination) in order to con- 
sider the effects of both the lower static temperatures and higher static pressure of these simulations. The 
same type of analysis described for the Mach 8 simulation was performed at the Mach 6 and 7 simulations 
using the NO-contaminated test gas for comparison with nondissociated air. The same generic scramjet 
flow path geometry was used with the exception that the combustor area ratio was slightly increased to 
prevent thermal choking. Calculations at the Mach 6 and 7 simulations showed similar trends but with 
less combustion or thrust enhancement compared with the Mach 8 simulation (see fig. 16). In addition to 
the smaller levels of NO, the lower temperatures and higher pressures both contribute to diminished 
effects of NO at the lower Mach number simulations. 
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Sensitivity to Rate Constants 

An analysis was conducted on the sensitivity of the performance results to the rate constants of 
selected key reactions in the hydrogen-air mechanism. The selected reactions were (2), (6), (lo), (24), 
and (27) of table 6. Reactions (2) and (10) were chosen because of their importance in the ignition proc- 
ess and reaction (6) for its importance in overall heat release (ref. 20). Reactions (24) and (27) were in- 
cluded owing to their importance when NO is present. For these five reactions, the forward rate constant, 
k, was varied within the suggested error limits provided in the literature (refs. 17, 21, and 22). 

Recommended rate constants and suggested errors for the reactions of interest are listed in table 9. In 
some sources, errors in the rate constant, k, are quoted as A log k = fx, which means there is an uncer- 
tainty in k by a factorf, where logf = k x  orf = l o b .  In other sources, the uncertainty is quoted as a fac- 
tor byf = h%. To perform the uncertainty analysis, the uncertainty factorf was simply applied to the 
pre-exponential factor A of the forward reaction rate k = A Pe-EIRT. Resulting minimum and maximum 
values of A are listed in table 10. Note the rate constants used in the present study (table 6) are the same 
as those listed in table 9 except for reactions (2) and (lo), which were modified by Jachimowski to match 
ignition delay times and laminar flame speeds reported in the literature (ref. 1). However, his modified 
constants k2 = 2.2 x lO14~16800/RTand klo = 2.3 x lOl8T-.8 are within the recommended error limits 
(ignoring the small difference in the temperature exponent of reaction (10)). 

For the Mach 8, + = 1 case only, the analysis comparing NO-contaminated air and nondissociated air 
was repeated using the maximum and minimum values of A (in table 10) to vary the rate constants within 
the recommended error limits. Initially, the rate constants were varied one at a time for each reaction; 
subsequently some rate constants were varied simultaneously. Calculations show that varying the rate 
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Table 9. Recommended Rate Constants and Error Limits 

Reaction Rate constant and error 
k = 2.0 x 1014~16800/RT 

A log k = k0.2 
k = 8.62 x 1021T-2 

A log k = k0.2 
k = 8.4 x lO17T-.8 

A log k = k0.5 
k = 2.16 x 1015e6OO/RT 

k50% 
k = 3.6 x 1013 

(2) H + 0 2  +OH + 0 

(6) H +  OH + M + H20 + M 

(10) H + 0 2  + M + HOz + M 

(24) H + NO + M + HNO+ M 

(27) OH + HNO + NO + H20 
&So% 

Reference 
21 

22O 

21h 

1 7h 

17 

Table 10. Minimum and Maximum Values of Pre-exponential Factor, A ,  
Within Recommended Error Limits for Rate Constants 

Amin 

1.26 x 1014 

5.43 x 1021 
2.60 x 1017 

1.80 x 1013 
1.08 x 1015 

Reaction Amax 

3.16 x 1014 

3.24 x io15 

1.36 x 1022 
2.65 x 1018 

5.40 x 1013 

(2) H + 0 2  + OH + 0 
(6) H + OH + M + H20 + M 
(10) H + 0 2  + M + H02 + M 
(24) H + N O +  M + HNO+ M 
(27) OH + HNO + NO + H70 

constant for reaction (2) makes essentially no difference compared with the previously determined results 
(i.e., the baseline study using the unmodified constants, simulations 1 and 2 of fig. 14); however, 
variations in each of the other constants do cause differences. In all cases, the heat release for the 
NO-contaminated air is still greater than that for the nondissociated air, but the difference in heat release 
(between NO-contaminated and nondissociated air) was made either smaller or larger compared with 
the baseline study. The difference in heat release is made smaller by either increasing the rate for reac- 
tions (6) or (1 0) or by decreasing the rate for reactions (24) or (27). This is true because increasing k6 or 
klo increased the heat release for both test gases but increased it more for the nondissociated air; 
decreasing k24 or k27 decreased the heat release for the NO-contaminated air but did not affect the nondis- 
sociated air. Likewise, the opposite variation of the constants yields a greater difference in heat release 
and thrust performance. 

Based on the results yielded, it was decided to investigate two limiting cases by a simultaneous varia- 
tion in the rate constants of reactions (6) ,  (lo), (24), and (27), the study of which resulted in the smallest 
and the largest differences between the NO-contaminated and the nondissociated air. Equivalence ratios 
of 0 = 0.5, 1 .O, and 1.5 were included in this part of the study for a direct comparison of thrust results 
obtained previously with the unmodified constants (as shown in fig. 15). Case A was defined by using 
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Case A: A6max7 A IOmax? A24min’ A27min 
500 

- 

400 - 
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- -  B - - NO-contaminated air 
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100 ’ I I 

.5 1 .o 1.5 
Total fuel equivalence ratio, $tot 

Figure 17. Calculated minimum effect of NO on thrust performance (case A). 

the maximum values for the rate constants of reactions (6) and ( I O )  and the minimum values for reac- 
tions (24) and (27). As expected, the difference in heat release between NO-contaminated and nondisso- 
ciated air became smaller and, at @ = 1.5, the actual heat release for the NO-contaminated air became 
smaller than that for the nondissociated air. The resulting difference in thrust performance is almost neg- 
ligible as shown in figure 17 where the value of AF/m, for NO-contaminated air relative to nondissoci- 
ated air ranges from 1.5 percent higher at @ = 0.5 to 1 percent lower at @ = 1.5. Case B was defined by 
simultaneously using the minimum values for the rate constants of reactions (6) and (1 0) and the maxi- 
mum values for reactions (24) and (27). This significantly increased the difference in heat release 
between the NO-contaminated and nondissociated air, with the NO-contaminated air releasing much more 
heat. The resulting enhanced thrust performance is shown in figure 18 where the value of AF/m, for 
NO-contaminated air relative to nondissociated air ranges from 14 to 8 percent higher for + = 0.5 to 1.5, 
respectively. 

In summary, under Mach 8 simulated conditions in the AHSTF, calculations using the unmodifed rate 
constants of table 6 indicate a small thrust enhancement of 1 to 5 percent in AF/m, over a range of @’s. 
However, uncertainties in the rate constants of key reactions suggest that the net effect of NO ranges from 
essentially no effect to an increase in @/ma of 8 to 14 percent over the same range of @’s. Again, to 
investigate the effects of lower temperature and higher pressure (a lower M, simulation) on the sensitivity 
of the results to the rate constants, calculations were repeated under the conditions of the Mach 6 simula- 
tion for @ = 1.0 only. Results showed the same trends as for the Mach 8 case; the effect of NO ranged 
from no effect at all to an increase in M/ma of 5 percent. 
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Figure 18. Calculated maximum effect of N O  on thrust performance (case B). 

Concluding Remarks 

This report documents the use of simple engineering tools to evaluate the level of NO and its effect on 
engine performance in the Langley Arc-Heated Scramjet Test Facility (AHSTF). The levels of nitrogen 
oxide contamination were quantified analytically over a range of facility operating conditions corre- 
sponding to Mach 6, 7, and 8 flight simulations. Modeling the flow one dimensionally, a finite rate kinet- 
ics code was used to compute the nitrogen oxide (NO,) concentration up to the facility nozzle exit. The 
results showed that the NOx is primarily composed of nitric oxide (NO), and the calculated NO levels 
were in general agreement with experimental measurements, indicating NO levels between 1 .0 and 
3.2 mole percent for flight simulations ranging from Mach 6 to Mach 8, respectively. 

The effect of this nitric oxide contamination on hydrogedair combustion in a scramjet engine flow 
path was investigated analytically using a three-stream combustor code with finite rate chemistry. The 
study revealed that, for the Mach 8 simulation, for which the calculated NO levels in the facility were the 
highest (=3 mole percent), NO slightly enhances combustion. The deficit in heat release caused by the 
oxygen bonding in NO is more than offset by an increase in heat release due to the catalytic effect of NO 
to consume H and produce H20. This results in a small increase in one dimensionally calculated thrust 
performance. The increase in thrust performance ranged from 4.6 to 1.6 percent for total fuel equivalence 
ratios ranging from 0.5 to 1.5, respectively. Similar calculations showed an even smaller effect of NO at 
the Mach 6 and 7 simulations. 

This study was followed by an uncertainty analysis in which the rate constants of selected key reac- 
tions were varied within recommended error limits. The uncertainty analysis suggested that at Mach 8, 
the net effect of NO in the test gas could range from no effect to an increase in thrust performance on the 
order of 10 percent over the same range of Q’s. The uncertainty analysis showed the same trend for 
the Mach 6 simulation indicating that NO may have no effect or yield a 5-percent increase in thrust 
performance. 
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